Abstract: A number of experimental and numerical studies point out that incorporating a rotating cylinder can superiorly enhance the aerofoil performance, especially for higher velocity ratios. Yet, there have been less or no studies exploring the effects of lower velocity ratio at a higher Reynolds number. In the present study, we investigated the effects of Moving Surface Boundary-layer Control (MSBC) at lower velocity ratios (i.e. cylinder tangential velocity to free stream velocity) and higher Reynolds number on a symmetric aerofoil (e.g. NACA 0021) and an asymmetric aerofoil (e.g. NACA 23018). In particular, the aerodynamic performance with and without rotating cylinder at the leading edge of the NACA 0021 and NACA 23018 aerofoil was studied on the wind tunnel installed at Aerodynamics Laboratory. The aerofoil section was tested in the low subsonic wind tunnel, and the lift coefficient (C L ) and the drag coefficient (C D ) were studied for different angles of attack (α). The experiments were conducted for two Reynolds numbers (R e ): 2 × 10 5 and 2.5 × 10 5 corresponding to two free stream velocities: 20 ms −1 and 25 ms −1 , respectively, for six different angle of attacks (AOA) (−5 • , 0 • , 5 • , 10 • , 15 • and 20 • ). This study demonstrates that the incorporation of a leading edge rotating cylinder results in an increase of lift coefficient at lower angle of attacks (maximum around 33%) and delay in stall angle (from 10 • to 15 • ) relative to the aerofoil without rotating cylinder.
Introduction
The aerodynamic efficiency of an aerofoil can be enhanced by incorporating a rotating cylinder at the leading edge of an aerofoil, nullifying the adverse effects of a boundary layer. Momentum injection by the rotating body helps to delay the flow separation, which acts in an advantageous way for the aerofoils. The injection of momentum enhances the aerodynamic performance of aerofoil by keeping the flow attached over the top surface of aerofoil at a higher angle of an attack. The additional momentum charges the boundary layer, which results in an increased suction on a top surface. With an increase in rotational speed and the velocity ratio, the lift coefficient increases significantly, albeit at a cost of an increment in drag. The stall angle also delays due to the incorporation of the rotating cylinder. After all, the improved aerodynamic efficiency of aerofoils will increase the performance of a wing, horizontal tail and vertical tail automatically, because all these are formed by placing the aerofoil sections in various spans-wise combinations.
There is an increasing body of literature, including both experimental and numerical studies, exploring the potential for an advance in the performance of aerofoils and aircrafts. The approaches to augmenting the aerofoils efficiency include boundary layer suction, boundary layer blowing, vortex generator, boundary layer control etc. [1] . Meanwhile, less efforts has been made in investigating the influence of the Magnus Effect on the aerofoil characteristics. In 1852, the German scientist, Gustav Magnus, noticed that lift force is also generated by spinning balls [2] . This effect is called Magnus Effect, and a lift force caused by a spin is called a Magnus force. Owing to its potential gain, scientists have tried to employ this effect, albeit in different fields. The use of the effect by incorporating a rotating cylinder at the leading edge of the aerofoils to amplify its performance has received less attention. For the last 35 years, the state of research has not experienced large changes. Meanwhile, this concept has two advantages: lift production because of Magnus Effect and Boundary Layer Control.
Modi and his team were prominent researchers in this field, who carried out several experimental and numerical studies to appreciate the effect of moving surfaces on the aerofoils boundary layer control and the increment of aerofoils performance [3] [4] [5] [6] [7] [8] [9] [10] . They conducted experiments with many alternative configurations of the position of the rotating cylinder. They have documented the potential results in the increment of the lift to exceed 100% and the stall angle to reach more than 30 • in high velocity ratios. Mokhtarian et al. conducted similar investigation, analysing the effects of MSBC using a leading-edge rotating cylinder in symmetrical Joukowski aerofoil numerically and asymmetric NACA 63218 aerofoil experimentally [11] . They have documented an increment in lift and stall angle for both cases for high velocity ratios.
Johnson et al. conducted an experiment with a leading edge rotating cylinder and a flap. He was interested in the effect of MSBC at a velocity ratio up to 1.2 [12] . Tennant et al. conducted a research incorporating a trailing edge rotating cylinder and documented potential outcome of C L = 1.2 for higher velocity ratio [13] . They also explored the growth of the boundary layer on the moving surface [14, 15] . Mokhtarian studied the effect of MSBC incorporating a scooped leading edge rotating cylinder and concluded that although it would outperform solid leading edge rotating cylinder at low velocity ratios [16] . But at high velocity ratios, the scooped cylinder acted as a solid rotating cylinder and no specific superiority was documented. Hassan et al. studied the effects of MSBC on a symmetric NACA 0012 and asymmetric NACA 63218 aerofoil [17] . He documented that for a subcritical flow the effect would be beneficial in contrast to the supercritical flow where the drag increased severely.
In 2000, an experimental study was conducted on NACA 0024 with a leading edge rotating cylinder and a flap [18] . They found that the drag increases with velocity ratio. Simulation of NACA 63218 aerofoil with leading edge rotating cylinder was conducted in 2015 [19] . Yet, this study was also limited to the effects at higher velocity ratios. The comprehensive literature review on Magnus effect was conducted in 2015, providing a very useful reference for the researchers in this field [20] . Moreover, the application of this Magnus Effect on aircraft wing was studied by Patkunam [21] . Patkunam et al. proposed the so-called Flo-Lapse approach, showing how incorporating Magnus Effect effects the wing of an aircraft, increasing the aircraft performance. Yet, this study was restricted to angle of an attack ranging from 0 • to 5 • . Besides, in 2016, Kenyon [22] published his research in the natural science field, where he developed two algebraic formulas for calculation of Magnus Force. Again, in the field of applied mechanics, Sailaranta [23] studied the influence of the Magnus Effect on the flight of a fast spinning vehicle at high angle of attack. He also investigated the possibilities to limit the terminal velocity and a range of a bullet with the aid of the Magnus Effect.
In 2007, Chen Li, carried out an experimental analysis as part of his Masters thesis with a leading edge rotating cylinder on a NACA 0015 aerofoil [24] . The free stream velocity was kept constant at 15 ms −1 and the coefficient of lift and coefficient of drag were measured at velocity ratios 0.5, 1.0 and 1.4. The chord length in the study was 400 mm. The Reynolds number was around 400, 000 high due to its large chord length.
In 2009, Buerge [25] carried out an experiment with a rotating cylinder installed below and close to the trailing edge of a Clark Y aerofoil. The purpose of this vortex flap was not to control the boundary layer, but rather it was envisioned to be incorporated as an element of a high lift device. In their investigation, the gain in C L max was much larger relative to the base aerofoil and it was around 200%.
In 2010, Zhang et al. computationally validated the experimental analysis of Chen Li [26] . For this, they used the SST-two equation model. The C L max was around 0.9 and 1.2 at velocity ratio 0.5 and 1.0, respectively. They also developed an optimized design for the total of 25 aerofoils, where the C L max was documented at 2.7 for a velocity ratio of 1.4. In 2011, Sahu et al. conducted a computational analysis on NACA 0012 aerofoil incorporating momentum injection with a rotary actuator disk at R e No. 46, 400 [27] . They documented an increase in lift and a decrease in a drag with the modified aerofoil relative to the base aerofoil. However, the Reynolds number in their study was much lower.
In 2014, Ahmed et al. conducted a computational analysis on the effects of MSBC on NACA 0024 aerofoil [28] . They documented an increment in lift co-efficient of 36% relative to the base aerofoil and increment in stall angle of 122% relative to the base aerofoil. Welsh et al. conducted an investigation on the effects of MSBC on NACA 0015 aerofoil and concluded that the stall angle had increased by 11 • in the modified aerofoil relative to the base aerofoil [29] . They didn't mention changes to the drag.
In 2015, Huda et al. conducted a computational analysis of the effect of MSBC on NACA 0010 aerofoil [30] . They documented an increment of lift by 145% relative to the base aerofoil at velocity ratio 2.0. But their research was restricted to only two velocity ratios: 0 and 2 respectively. In 2017, Faisal et al. conducted an investigation on controlling the flow using a rotating cylinder at the leading edge of NACA 0018 aerofoil [31] . Their study was limited to only symmetric aerofoil. Effect on the asymmetric aerofoil was absent from their investigation. Alias et al. carried out computational analysis of the effect of rotating cylinder on concentrated flow. Their study showed a potential increment in lift coefficient. Yet, they didn't consider aerofoil [32] . In 2018, Abdulla et al. conducted a computational analysis on the effect of the gap between leading edge cylinder and aerofoil [33] . They concluded that the maximum value of a lift to drag ratio was obtained at each and every velocity ratios in their investigation (1, 2 and 3) when the gap was kept at 3 mm. Yet, they analysed the effects at high velocity ratios only. Vinayak et al. investigated the Magnus effect and circulation theory on NACA 2412 aerofoil and documented a potential increment in lift and stall angle [34] . Their study also indicated high drag in the modified aerofoil relative to the base aerofoil. The growing number of studies indicate the interest and active research into the implications of Magnus effect.
The present study explores the effects of MSBC in lower velocity ratios in a symmetric NACA 0021 aerofoil. To this end, the existing literature is limited to insignificant Reynolds number effects because of low free stream velocity. We also focus on the effects of MSBC at higher Reynolds number. In addition, we carry out a comparative analysis of the power requirement for rotating the cylinder with respect to the enhancement of lift. We found that the power requirement was negligible compared to the enhancement of lift. One example of the use of the concept is its implemented in a short takeoff and landing (STOL) aircrafts, as they require high lift coefficient at low angle of attacks. In addition, the current study shows the practicability of incorporating leading edge rotating cylinder for a thick aerofoil in aviation. Besides, for some applications in wind turbine blades and control surfaces of aircraft this research indicates the superiority of lift at a low power requirement. In case of achieving the optimum design of aerofoil for effective performance, this concept can be implemented on a large scale.
Theoretical background
Modi et al. analyzed the effects of MSBC with a 16% thick, symmetric Joukowski aerofoil at high Reynolds number [10] . The aerofoil stalled at an angle of attack of 12 • . However, they provided a leading edge rotating cylinder to control the flow around an aerofoil to enhance the lift. The control of the boundary layer via rotation or movement of a surface can be expressed by the term Moving Surface Boundary-layer Control or MSBC. It is likely that at some point of the fluid flow (after 12 • angle of attack), the boundary layer of the fluid was separated from the aerofoil body. This separation occurred when the flow pressure was increased in the flow direction, the phenomenon known as the adverse pressure gradient. The increment of the fluid pressure is comparable to the increment of the potential energy of the flow. As the potential energy is increased, the kinetic energy as well as the fluid velocity is decreased. Consequently, the gradient of the velocity profile is decreased along with the decrease in a wall shear stress. As the adverse pressure gradient increase substantially, the wall shear stress is reduced to zero, which results in flow separation. Figure-1a offers a graphical representation of this concept.
With the help of the momentum injection via rotating cylinder they documented an increase in stall angle near 360 and lift coefficient of around 1.5. Figure-1b illustrates the effect of rotation of moving surface. When more energy is injected into the flow, the gradient of the velocity profile is increased. Therefore, the flow remains attached to the aerofoil body. This resulted in increment of stall angle and lift coefficient. However, for stationary cylinder, the coefficient of lift was less than the base aerofoil. Figure-2 illustrates the air flow direction in case of a stationary cylinder (left) and rotating cylinder (right). In case of stationary cylinder, the air flow enters from the lower part of the gap between the cylinder and aerofoil and leaves from the upper part of the gap. Therefore, no enhancement of lift was detected in this case.
They also documented the effect of MSBC in drag coefficient. The drag coefficient increased more than in the case of stationary cylinder and up to the angle of attack of 200. For the rotating cylinder, the air flow leaves from the lower part of the gap and mixes with the free air stream. Further, the inflow air gets shoved away near the lower part of the gap from the bottom part of the aerofoil. Therefore, it creates a recirculation zone at the opening of the bottom part of the aerofoil. It is one of the contributing factors in creating more drag than in the case of stationary cylinder. However, stronger increase in the rotation leads to the reduction of the drag.
This research work showed the comparison of lift coefficient between the base aerofoil and modified aerofoil. Yet, the comparison of drag coefficient between the base aerofoil and modified aerofoil was absent. Furthermore, the study lacks the case of the effects of MSBC in low velocity ratios. In the current study, the characteristics of lift co-efficient, drag co-efficient and stall angle were analysed 5 of 24 and compared between the base and modified aerofoil. The studies mentioned in the previous section haven't considered the MSBC at low velocity ratios.
Experimental investigation
Modi et al. carried out numerous experiments on the effects of MSBC for aerofoils and different bluff bodies like prisms, flat plates, square plates, tractor trailer configurations, etc. They conducted an experiment on a symmetric 15% thick Joukowski aerofoil at a low Reynolds number. The result showed a potential increase of C L (C L max = 2 at U c U = 4) as the velocity ratio increases. But at U c U = 1, C L max was around 1.1 and stall angle was 160. Analysis of the behaviour of the flow for velocity ratios lower than that was missing in their study [3] . Garni et al. experimented with a symmetric NACA 0024 aerofoil with and without the deflection of flap [18] . In their study at U c U = 1, the maximum lift coefficient was documented around 1.2 and the stall angle was 20 • . The drag co-efficient for the case of U c U = 1 was increasing gradually with the increment of angle of attack and reached a maximum value at around 1.0 at 400 angle of an attack. The study didn't mention any effects at lower velocity ratios and was conducted on a lower Reynolds number compared to the current study. The subsonic wind tunnel (AF -100) of the Aerodynamics laboratory of the Department of Aeronautical Engineering of Military Institute of Science and Technology was utilized to conduct the experiment. For the present investigation, an open circuit subsonic wind tunnel with a working section of 300 mm × 300 mm × 600 mm was used as shown in Figures 3-4 . It is a compact, open-circuit, suction wind tunnel that is useful for studying aerodynamics. The wind tunnel can be operated at a maximum free stream velocity of 50 ms −1 and the there is a capability of setting the angle of attack to up to 90 • . The chord length of the aerofoil section was 150 mm and the span was 300 mm. The diameter of the rotating cylinder was 15 mm. The cylinder was rotated in 0, 3000, 3500, 4000, 4500, and 5000 rpm. A wind tunnel model of NACA 0021 aerofoil with a chord length of 0.15 m with a grooved leading edge was used to accommodate the rotating cylinder. A three-component balance was installed in the test section of the wind tunnel in order to measure the pitching moment, lift, and drag. A steel rod of 10 mm was inserted into the three-component balance, which was in contact with the support plate. In 37.5 mm position from the leading edge of the aerofoil, the rod was attached to the aerofoil. The balance has the provision to place the aerofoil at a different angle of attack. The sidewall of a test section of wind tunnel was not readily prepared for carrying out the experiment. Some modifications were required to hold the motor and cylinder. Therefore, a new set of side walls was prepared. The purpose of the new set of sidewalls for the test section was to make a provision for holding the motor and the cylinder. For this experiment, it was required to change the angle of attack of the aerofoils and the position of the cylinder as well. As the cylinder was being propelled by a motor, which was located outside of the test section, a groove has to be cut at the test section on both walls. The drawings of the test section side walls were transferred to solid works software and then processed by the computer numerical control (CNC) machine. Thereby, the exact replica of the existing wind tunnel test section that fits in the wind tunnel was created.
(a) (b)
The performance of the wind tunnel was tested several times with the aerofoil supplied by the manufacturer before the measurements. AT the initial stage, the calibration of the three-component balance was done. The Three-Component Balance fits into the working section of Subsonic Wind Tunnel and offers an easy-to-use support system for wind tunnel models; it is used to measure lift, drag and pitching moment exerted on the model. To validate the calibration activities, factory provided the NACA 2412 data, which was employed for the comparison. These are presented in Figure- 5.
Numerical approximation
As the flow attachment near the boundary surfaces is the main concern of this paper, that corresponding wall treatment will resolve the boundary conditions clearly. The computational domain and boundary conditions are one of the dominant factors in a computational study. The considered boundary conditions are chosen to correlate with the experimental analysis. The boundary conditions are specified in Figure-6 , and in Table- The standard k − turbulence model with standard wall functions has been previously used in the numerical simulation studies [32] . The current study employs the RNG k-turbulence model. Accordingly, the near wall conditions are projected using the enhanced wall treatment with the RNG k − turbulence model. The RNG k − model extends the standard k − model by adding the term R , arriving at [36, 37] :
where the term in the is given by
Here, η ≡ Sk/ , η 0 = 4.38, and β = 0.012. For the high-Reynolds-number limit, µ t = ρC µ k 2 with C µ = 0.0845 is derived from the RNG theory. Worth noting, this value C µ is rather close to the empirically-determined value of 0.09 using the standard k − model. Generally, turbulence is defined by rotation or swirl in the mean flow. In equation (1), Viscous Model dialog box), the value of G b can be found from the equation for in (1) . In addition, the value Y M = 2ρ f M 2 t reflects the contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate. Here, M t = √ k/a 2 denotes the turbulent Mach number, and a ≡ √ γRT is the speed of sound. The quantities α k and α are the inverse effective Prandtl numbers for k and , respectively. C 1 , C 2 , and C 3 are constants. The latter defines the degree to which is affected by the buoyancy. In ANSYS FLUENT, C 3 is not specified. Instead, it is estimated from the following equation: C 3 = tanh |v/u| [38] . Here, v denotes the component of the flow velocity parallel to the gravitational vector and u is the component of the flow velocity perpendicular to the gravitational vector. In this way, C 3 will become 1 for buoyant shear layers for which the main flow direction is aligned with the direction of gravity. In case buoyant shear layers are perpendicular to the gravitational vector, C 3 will be zero; the constants C 1 and C 2 are computed using the RNG theory as mentioned earlier. In ANSYS FLUENT, the default values for C 1 and C 2 are set to 1.42 and 1.68, respectively. Values S k and S are specified by the user. Worth noting, ANSYS FLUENT [37, 39] uses finite volume method for the solution of the problem. It is not the purpose of this paper to characterize the boundary layer. Yet, we focus on the changes in the lift and drag force due to the boundary layer development. Potential future extension of the current study is to account for the FSI effect and, thereby, analyse the structural vibrations to fluid flow and cylindrical rotation.
Results
Lift and drag coefficients of symmetric NACA 0021 and asymmetric NACA 23018 aerofoil with a cylinder at their leading edge at three different Reynolds numbers and six different velocity ratios are presented. The computational setup for this study was published in 2018 [40] . Figure-9 represents the computational and experimental analysis of the relationship between the coefficient of lift (C L ) and an angle of attack (AOA) for a base NACA 0021, and a modified NACA 0021 aerofoils. In this figure, numerical and experimental studies are illustrated at two different Reynolds numbers (R e ) 2 × 10 5 and 2.5 × 10 5 . For each case, the incorporation of the cylinder at the leading edge induces an increment in maximum lift coefficient and stall angle at all velocity ratios. At a zero velocity ratio, the performance degrades compared to the base aerofoil case. The reason is simple: since there is no rpm, there is no momentum injection. Therefore, the clearance between the cylinder and the leading edge causes the lift to decrease. The drop in the lift coefficient beyond a certain angle is due to a flow separation. From Figure-9 it is clear that the basic NACA 0021 aerofoil stalls at 10 • AOA. An addition of cylinders at the leading edge causes a gain in stalling angle when it starts rotating and it is postponed by 5 • . Gain in C L max is achieved with the addition of a cylinder at the leading edge; as the rotation increases, the injection of momentum into the upper surface also increases. In Figure-10 , the observed drag coefficient shows mixed behaviour ,for which a uniform conclusion cannot be drawn, unlike in case of the behaviour of lift coefficient. This behaviour of drag coefficient is probably due to the increasing region of separated flow over the wing surface. Here, it is clear that an addition of a cylinder at the leading-edge causes an increase in drag coefficient and it remains almost constant at all rpm i.e., drag coefficient remains within 0.20 to 0.21 except at 0 rpm. However, in the experimental study, we observed that the drag coefficient remains within 0.13 to 0.21. A wider range of variation in drag co-efficient was observed in the experimental analysis compared to the computational analysis due to the presence of vibration of the cylinder in the experimental analysis. Due to the effect of vibration, the cylinder oscillated at an irregular pattern resulting in the increment of variation of the drag co-efficient. The numerical analysis was free from the effect of vibration and thus the graph of drag coefficient did not vary as much as the velocity ratio changed. The detailed analysis of the increment of C L max and stall angle is presented in the following table: From the Table-2 , it is clear that for NACA 0021 aerofoil the computational gain is higher than the experimental gain for all the velocity ratios, except for case of the zero velocity ratio. Noteworthy, the numerical study does not include the effect of fluid-structure interaction (FSI) [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] . Thereby, the associated vibration is neglected in the numerical results. In the experimental investigation, there was an adverse effect of vibration of the cylinder. For this reason, the cylinder oscillated and, as a result, the amount of generated lift was reduced. In the computational analysis, the vibrational effect was not considered. Therefore, the experimental gain was less than the computational gain. However, at a higher velocity ratio (= 0.2) the adverse effect of vibration of the cylinder is lower. Therefore, the experimental gain is almost the same as the computational gain.
Investigation on an asymmetric aerofoil: NACA 23018
Figure-11 represents the relationship between the coefficient of lift (C L ) and an angle of attack (AOA) for a base NACA 23018 & a modified NACA 23018 aerofoils from the computational and experimental analysis. Here, we observed that the incorporation of a cylinder at the leading edge causes an increment in maximum lift coefficient at all velocity ratios, except for the zero velocity ratio case. At a zero velocity ratio, the performance degrades compared to the base aerofoil. Without rpm, there is no momentum injection. Therefore, the clearance between the cylinder and the leading edge causes the lift to decrease. The latter is driven by the flow separation. In addition, C L degrades more than the base aerofoil for the negative angle of attacks. The basic NACA 23018 aerofoil stalls at 15 • AOA in numerical study, albeit a 12 • AOA in the experiment. In numerical study, the leading edge does not cause further gain in stalling angle when it starts rotating. However, in the experiment we observed that the leading edge causes a further gain in stalling angle by 3 • AOA when the rotation starts. Gain in C L max is achieved with the addition of cylinder at the leading edge. With the increase in the rotation, the injection of momentum to the upper surface increases. In Figure-12 , the incorporation of a cylinder at the leading edge causes an increment in maximum drag coefficient and stall angle at all velocity ratios. In numerical simulations, the leading-edge introduces the increment in drag coefficient compared to the base aerofoil of up to 15 • AOA. But at 20 • AOA, the C D decreases compared to the base aerofoil and it remains almost constant at all velocity ratios, i.e. drag coefficient remains around 0.27 at R e = 2 × 10 5 , and 0.25, except for the case of the zero velocity ratio. For the base aerofoil, the flow separation started around 15 • AOA, and thus the drag co-efficient increased at a much steeper slope after 15 • AOA. For the modified aerofoil, the drag co-efficient slope was less steep than in the base aerofoil case because of the delay in flow separation. Due to the presence of the rotating cylinder, the C D of modified aerofoils was higher than in the base aerofoil case before stall angle since it was obstructing the airflow. But as the angle of attack gradually increased, the C D in the base aerofoil increased sharply compared to the modified aerofoils. On other hand, in the experiment, the leading-edge causes an increment in drag coefficient compared to the base aerofoil at all velocity ratios and remains between 0.35 to 0.4. A wide variation of the C D was observed in the experimental analysis because of the irregular oscillation of the vibrating cylinder due to its rotation. In the asymmetric aerofoil, the gap between the cylinder and the aerofoil was also asymmetric. When the cylinder vibrated, the more irregular gap was created in the aerofoil. Thus, this resulted in the higher increment of the drag co-efficient in the experimental analysis than in the computational analysis. The detailed analysis of an increment of C L max and stall angle is presented in the Table-3 . Here, it is clear that for NACA 23018 aerofoil the computational gain is higher than in the experimental gain for all low velocity ratios (below 0.1). In the experimental investigation, there was an adverse effect of vibration of the cylinder. Therefore, the cylinder oscillated stronger and, as a result, the amount of generated lift was reduced. In the computational analysis, the vibrational effect was not considered. Thus, the experimental gain was smaller than the computed gain. However, at a higher velocity ratio (> 0.1) the adverse effect of vibration of the cylinder is smaller due to the asymmetry of the aerofoil. Therefore, an increase in the experimental gain is higher than that in the computational gain. Figure-13 represents the gain in C L max with respect to base aerofoil vs. velocity ratio curve for both computational and experimental analysis. For NACA 0021 aerofoil, it is observed from the figure that for velocity ratios near zero, a noticeable loss in C L max occurred as opposed to the base aerofoil case. At velocity ratios around 0.05, gain in C L max was noticeable. For R e No. 2 × 10 5 , the experimental gain was higher than the computed gain at the velocity ratio near zero. Yet, as the velocity ratio increased, the computational gain also increased more than the experimental gain. For R e No. 2.5 × 10 5 , the experimental gain was always lower than the computational gain in C L max compared to the base aerofoil. But, at U C U = 0.16, the difference between them became negligible. For NACA 23018 aerofoil, it is observed from the figure that for velocity ratios near zero, a noticeable loss occurred in C L max compared to the base aerofoil in the experimental analysis. At velocity ratios around 0.1, gain in C L max was noticeable. For R e No. 2 × 10 5 , experimental gain was lower than the computational gain at the velocity ratio near zero. But as the velocity ratio increased, the experimental gain increased more than the computational gain near velocity ratio 0.1. For R e No. 2.5 × 10 5 , the experimental gain was lower than the computational gain in C L max compared to the base aerofoil up to velocity ratio of about 0.1. However, at between the rotating cylinder and the NACA 23018 aerofoil was a significant factor in the analysis. In the computational analysis, there was no noticeable effect of increasing velocity ratios because of the irregular gap. In the experimental analysis, however, due to a rotation of the cylinder this irregularity increased, which resulted in a much steeper curve of C L max .
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Rotational Vibration Analysis
To analyse the effect of a rotational vibration, another configuration was tested in the wind tunnel. This configuration consisted of two rotating cylinders, each of them is 120 mm length. To reduce the rotational vibration, the support was provided in the middle of the wing section of length 60 mm; the span of the wing section was 300 mm. The base aerofoil was NACA 0021 and the experimental setup was similar to the previous investigation. Figure- with a support mechanism. Therefore, without a support in the middle of the cylinder, the vibrations were larger and therefore the drag was increased. The cylinder generated less oscillations for the support mechanism. The lift co-efficient was decreased to some extent too due to lower surface area for the Magnus effect. Further investigations into implications of the Magnus effect is a fruitful area for further research.
Power Consumption Analysis
The most eye-catching characteristics of the flow control using MSBC are lower power consumption in a spinning cylinder. Figure-15 shows the comparison between the power consumption for rotating the cylinder starting from a stationary state and to the rotational speed of 5000 rpm. From the graph it is clear that the power requirement to rotate the cylinder is negligible compared to the enhancement in the lift and stall angle. A comparison between the experimental and computational investigations was carried out. Figures 16-19 contrast NACA 0021 and NACA 23018. From the figure, it can be seen that the lift coefficient curve for computational and experimental analysis almost coincide with the symmetric aerofoil at lower velocity ratios. However, as the velocity ratio increases, the lift co-efficient curve increases stronger in the case of symmetric aerofoil compared to the asymmetric aerofoil. As for the drag co-efficient, both NACA 0021 and NACA 23018 showed almost similar trend in increment. Yet, the drag co-efficient of symmetric NACA 0021 aerofoil was below the drag co-efficient of asymmetric NACA 23018 aerofoil. In addition, the drag coefficient was smaller in the experimental analysis than in the computational analysis. The reason is the different size of the domain: the domain selected for the computational analysis was much larger than the domain area for experimental analysis. Thereby, the total drag in the computational analysis was larger than in experimental analysis.
Discussion
Simulation results presented in this study are in line with the experimental results in almost all cases. That is, the results validate the experimental data. At all velocities maximum lift coefficient increases with the rpm. The same does not hold for the drag coefficients since their variation is irregular. The drag coefficient remains between 0.13 and 0.24 in most cases. At 20 ms −1 stall angle increases at all rpm at a constant rate, except for the zero rpm case. More specifically, the value of the lift coefficient is driven by the delay in flow separation at higher angles of attack in view of momentum injection by the leading edge cylinder. The Magnus effect of the leading edge cylinder is a second major contributor to the improvement of the overall aerofoil coefficient of lift. The leading edge rotating cylinder acts like the vane less compressor, compressing the air in the channel and supplying the high pressure air to the bottom surface and the front of an aerofoil, which in turn contributes marginally to the improvement in aerofoil performance. This preliminary study indicates the feasibility of practical implementation of leading edge cylinders for thick aerofoil in aviation, wind turbine, and other applications. The use of the above-mentioned modifications to the aerofoil would add further layer of complexity for the structural health monitoring (SHM) system due to the addition of cylinder-driven vibrations [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] .
Conclusions
The numerical and experimental investigation of the modified NACA 0021 and NACA 23018 aerofoils with leading edge rotating cylinder revealed that the performance of the modified aerofoil is superior to the base aerofoil for velocity ratios less than 1.0. As opposed to previous studies, study presented results only for higher velocity ratios. In the experimental analysis, there were large adverse effects of vibrations on the performance of the aerofoil. The oscillations were generated on the cylinder, and thereby, there was a wide variation of results for C L and C D compared to the computational analysis. The effect of vibration on the clearance between the rotating cylinder and the aerofoil surface also played a vital role in assessing the performance of the modified aerofoil. The performance of the modified NACA 0021 aerofoil was superior to the modified NACA 23018 aerofoil with the asymmetric clearance of NACA 23018 being a contributing factor. The study revealed that the presence of the support mechanism is more efficient in reducing the drag relative to rotating the cylinder without the support mechanism. However, due to the reduction of the moving surface area the lift decreased. More analysis is required to investigate the benefits of the support mechanism. The technique should aim at keeping the amount of moving surface area the same while providing a support, ensuring a decrease in the vibrations of a cylinder. The associated lower power consumption to rotate the cylinder constitutes an additional advantage.
